How and why do the mating opportunities of males and females differ in natural population of animals? Previously we showed that females have higher mating opportunities than males in the Kentish plover Charadrius alexandrinus. Both parents incubate the eggs, and males provide more brood care than females; thus it is not obvious why the females find new mates sooner than the males. In this study we investigated whether the sex-biased mating opportunities stem from biased offspring sex ratios. We determined the sex of newly hatched, precocial chicks using CHD gene markers. Among fully sexed broods, 0.461 6 0.024 (SE) of chicks (454 chicks in 158 broods) were male, and this sex ratio was not significantly different from unity. The proportion of males at hatching decreased significantly over the breeding season, which occurred consistently in all 3 years of the study. Large chicks were more likely to be males than females. Neither parental age nor body size of male and female parents was related to brood sex ratio. We also sexed a number of chicks that were caught after they left their nest (range of estimated ages 0-17 days) and found that the proportion of males increased with brood age. This relationship remained highly significant when controlling statistically for hatching date. As brood size decreased due to mortality after the chicks left their nest, these results suggest that the mortality of daughters was higher than that of the sons shortly after hatching. Taken together, our results show that the female-biased mating opportunities in the Kentish plover are not due to biased brood sex ratio at hatching but, at least in part, are due to female-biased chick mortality soon after hatching.
F
isher 's (1930) classic frequency-dependent model of sex allocation predicts that offspring sex ratio should not deviate from parity as long as the costs of producing males and females are equal. Recent models, however, have suggested that the optimal ratio of offspring produced by a particular female may deviate from parity when the relative fitness of sons and daughters varies with environmental conditions. For instance, bias is expected if males compete locally to fertilize females (Hamilton, 1967) , if the reproductive success of sons and daughters depends differentially on the condition of their mother (Leimar 1996; Trivers and Willard, 1973) , or if the timing of breeding differentially influences the future reproductive success of sons and daughters (Cordero et al., 2001; Daan et al., 1996) .
Birds had long been considered incapable of facultatively shifting their primary sex ratio because their sex determination is chromosomal (e.g., Clutton-Brock, 1986 ). Recent results, however, suggest that sex ratio adjustment in birds is not as constrained as formerly thought (West and Sheldon, 2002) , although the issue is controversial (Palmer, 2000) . For instance, female birds have been shown to skew offspring sex ratio in response to their own body condition (Kalmbach et al., 2001; Nager et al., 1999) , the attractiveness of their mate (Burley, 1981; Ellegren et al., 1996; Sheldon et al., 1999 ; but see Grindstaff et al., 2001; Saino et al., 1999) , the environment (Daan et al., 1996; Dijkstra et al., 1990) , the social milieu (Komdeur et al., 1997 ; reviewed by Hasselquist and Kempenaers, 2002; Komdeur and Pen, 2002; Sheldon, 1998) , and hatching order (Ankey, 1982; Kilner, 1998) . Some of these biased sex ratios appear to be adaptive (Dijkstra et al., 1990; Kalmbach et al., 2001; Komdeur et al., 1997; Nager et al., 1999) , although this has yet to be demonstrated by estimating the long-term reproductive success of male and female offspring produced under different social and environmental conditions.
Kentish plovers are of particular interest for studies of sex ratios because they have flexible mating systems and variable parental care (Amat et al., 1999; Paton, 1995) . Recently we found that female plovers took significantly less time to remate than males . This result seems counterintuitive because the males provide more care than the females: both sexes incubate the eggs, but after hatching typically the female abandons the brood, and the chicks are raised to independence by her deserted mate.
There are four mutually non-exclusive hypotheses for the sex-biased mating opportunities. First, the sex ratio may be biased toward males at egg laying (primary sex ratio; Breitwisch, 1989) or at hatching (secondary sex ratio), and the bias is preserved until adulthood. Second, survival of chicks differ by sex; for instance, sons may be more likely to reach adulthood than daughters. Third, adult males may survive better each year than adult females. Finally, the breeding schedule of sexes may be different: adult males may breed for longer each year, thereby they produce more broods annually than adult females, and/or males may be able to breed for more years than females.
In this study we investigated the first and second hypotheses; the third and fourth hypotheses are investigated elsewhere (Kis et al., manuscript in preparation; Sandercock et al., unpublished manuscript) . In the current study we also analyzed whether offspring sex ratio relates to variables that have been found to be significant in other studies-namely, hatching date, the size of chick at hatching, and age and size of the parents.
METHODS

Field work
We investigated the Kentish plovers at Tuzla Lake, southern Turkey (36 429 N, 35 039 E), where they breed in a saltmarsh around the lake. The breeding population was about 1000 pairs. We investigated three sites on the north side of the lake, referred to as sites A (107 ha), B (32 ha), and C (19 ha; see Cuthill, 1999, 2000) .
Chicks that hatched between 19 May and 14 June 1997, 10 April and 28 June 1998, and 10 April and 7 July 1999 were included in the study; these dates include the peak period of hatching. Nests were visited at least daily near the time of hatching of the eggs. A droplet of blood was taken from newly hatched chicks by puncturing their leg vein using a hypodermic needle. The blood was stored in Eppendorf tubes containing 1 ml of Queen's lysis buffer (Seutin et al., 1991) . We bled 405 chicks (153 broods) in the nest scrape; 143 chicks (57 broods) were bled at first encounter when the chicks had already left the nest scrape (plover chicks are precocial, and they usually leave the nest 1-12 h after hatching). Both body mass (to the nearest 0.1 g) and tarsus length (to the nearest 0.1 mm) of chicks were measured either in the nest or at the first encounter. We estimated the age of the latter chicks, and thus the date of their hatching, using the equation given by Results) , and thus the estimated ages and hatching dates of chicks may be biased. Therefore, we also calculated the sex-specific growth rates of male and female chicks (16 control families; see Székely and Cuthill, 2000) and repeated the analyses using the sex-specific estimated ages and hatching dates (see Results).
Parents were caught on their nests using funnel traps, and we measured their body mass, the length of their right tarsus to the nearest 0.1 mm, and their right wing to the nearest 1 mm. Minimum age of parents was the number of years since first captured as an adult þ 1, since both males and females may breed in the first year of life (Sandercock et al., unpublished manuscript) . Kentish plovers are largely genetically monogamous; the rate of extrapair young is 7.7% (Blomqvist et al., 2002) .
Molecular sexing
We sexed chicks using two CHD genes that lie on the W and Z sex chromosomes of birds (male ZZ; female ZW). The CHD1-Z lies on the Z chromosome and is polymerase chain reactionamplified as a positive control in both sexes. In contrast, the CHD1-W can only be amplified in one sex, and it indicates the bird is female (Griffiths et al., 1998) . We sexed 277 chicks using the following reaction conditions in the laboratory of R. Griffiths: a 10 ll total reaction volume with 6 pmol P2 (TCTGCATCGCTAAATCCTTT) and P8 (CTCCCAAGGAT-GAG(A/G)AA(C/T)TG) primers), 200 lM of each dNTP, 50-100 ng target DNA, 0.35 units Taq polymerase, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM TrisHCl (pH 8.8 at 25 C), 0.1% Triton X-100 (the last four in Promega in ''with Mg/Taq buffer''). The thermal conditions were an initial 94 C for 90 s followed by 30 cycles of 48 C for 45 s, 72 C for 45 s, 94 C for 30 s, with a final 48 C for 60 s and 72 C for 300 s. A separate group of 271 chicks was sexed in the laboratory of S. Yezerinac as above, but with the following differences: 0.5 units Taq polymerase, 3.5 mM MgCl 2 , 25 mM KCl, 10 mM TrisHCl (pH 9 at 25 C); the thermal conditions were an initial 94 C for 150 s followed by 30 cycles of 94 C for 30 s, 55 C for 30 s, 72 C for 30 s with a final 72 C for 270 s; following polymerase chain reaction (PCR), these samples were digested with 5 U HaeIII (New England Biolabs) for 2 h according to the manufacturer's recommended conditions. For both sets of chicks, the PCR products were visualized in a 3% agarose gel stained with ethidium bromide. Thirteen chicks were run twice in a blind test with identical results using the second method. We captured 10 male and 13 female chicks as adults and sexed using plumage characters; all 23 matched the result of molecular sexing from their previous blood sample.
Statistical analysis
Three females and five males produced more than one brood either within a year or between years; for these adults only one randomly selected brood was included in the analyses. The analyses were carried out using three sets of data. First, we included only complete broods (454 chicks in 158 broods)-broods in which (1) all hatched chicks were bled while the chicks were in the nest (367 chicks in 129 broods), and (2) broods of three (the modal clutch and brood size) that were caught before the chicks reached 4 days of age (1.97 6 0.24 [SE] days, 87 chicks in 29 broods). Second, we restricted the analyses to those nests in which all eggs that were laid hatched (335 chicks in 112 broods) to avoid the potential influence of partial nest predation on hatchling sex ratios. Third, we used the full data set and included all broods that were either captured in the nest or off the nest (548 chicks in 210 broods, range of ages: 0-17 days).
The number of male chicks in broods of three was tested against the binomial distribution (q ¼ 0.5). Then we fitted generalized linear mixed models (GLMMs; Krackow and Tkadlec, 2001 ) with binomial error and logit function (Genstat 4.2, VSN International Ltd, Oxford). In GLMMs the sex of chick was the response variable, the brood identifier was a random factor, and the dispersion parameter was set to 1.0. First we carried out bivariate GLMMs in which the explanatory variables were year and site (fixed factors), and hatching date, brood size, age of parents, and sizes of males, females, and their chicks were fixed variables. The probabilities of these bivariate analyses were corrected using the sequential Bonferroni method (Rice, 1989) , where the probabilities were calculated using the Dunn-Šidák formula (Sokal and Rohlf, 1981) 
, where N ¼ 1 for the first candidate explanatory variable, and N ¼ 12 (or 13) for the last explanatory variable (see Tables 1 and 2) . Second, as hatching date, chick size, or brood age were significantly related to chick sex (see Results), we repeated all analyses by including hatching date and chick size (Table 1) or hatching date and brood age in the analyses (Table 2) . Third, we included two-way interactions between explanatory variables and hatching date in the GLMMs (Tables 1 and 2 ), but none were significant and thus these are not reported. For the explanatory variables we provide the Wald statistic that has an approximately chi-square distribution. We calculated correlations by either Pearson correlation coefficient (r) or Spearman rank correlation (r s ) as appropriate. Data are represented as means 6 SE, and we provide two-tailed probabilities.
RESULTS
Brood sex ratio
The proportion of males in freshly hatched complete broods was 0.461 6 0.024 (454 chicks in 158 broods). This was not different from 0.5 (Wilcoxon signed rank test, T 158 ¼ 4773, p ¼ .123). The distribution of males in broods of three chicks was not different from binomial (chi-square goodness of fit, n ¼ 140 broods, v 2 ¼ 2.933, 3 df, p . .4; Figure 1 ). These results remained qualitatively unchanged when only those broods were considered in which all eggs that were laid hatched, and all hatchlings were sexed (335 chicks in 112 broods). The proportion of males (0.454 6 0.027) remained nonsignificantly different from 0.5 (Wilcoxon signed rank test, T 112 ¼ 2616, p ¼ .148), and the distribution of males remained not different from binomial in broods of three chicks (chi-square goodness of fit, n ¼ 111 broods, v 2 ¼ 4.484, 3 df, p . .4).
Brood sex ratio, environment, chick size and parental qualities
The proportion of males decreased over the breeding season (454 chicks in 158 broods; Table 1, Figure 2 ): the estimated proportion of males early in the season was 0.555 (day 60) using binary logistic regression, which declined to 0.378 in late season (day 120; Figure 2 ).
Study site, brood size, and year of hatching were all unrelated to brood sex ratio. The interaction between year and hatching date was not significant (GLMM, Wald statistic v 2 ¼ 2.77, 2 df, p ¼ .250), nor was year significant (Wald statistic v 2 ¼ 0.95, p ¼ .623). However, hatching date was significant (Wald statistic v 2 ¼ 3.91, 1 df, p ¼ .048), suggesting that brood sex ratio became progressively female biased over the breeding season each year. Age, body mass, and tarsus length of either parent were unrelated to brood sex ratio (Table 1) .
Large chicks (as indicated by their tarsus length) were more often males than females (Table 1) . This relationship remained significant when controlling for hatching date ( Table 1) . The latter result suggests that although chick size increased over the breeding season (r ¼ .158, n ¼ 158 broods, p ¼ .047), larger chicks were more likely to be males throughout the breeding season.
These results were consistent with the analyses of the full data set (548 chicks in 210 broods) in that the proportion of sons decreased over the season (Table 2) . This relationship remained significant by adjusting the significance level using the sequential Dunn-Šidák correction (p c ¼ .05, Table 2 ). In addition, broods captured at an older age had more sons than broods caught at a younger age (Table 2; Figure 3 ). The latter relationship remained highly significant when we used sexspecific growth rates to estimate the ages of sons and daughters that were captured off-nest (see Methods; GLMM, brood age Wald statistic v 2 ¼ 8.44, 1 df, p ¼ .004; hatching date Wald statistic v 2 ¼ 11.33, 1 df, p , .001). Because brood size decreased with brood age (r s ¼ À.318, n ¼ 57 broods, p ¼ .016), the latter results suggest that daughters died more often than sons shortly after hatching.
DISCUSSION
Our study provided two main results. First, offspring sex ratio was not biased at the population level. This result was consistent for both the secondary sex ratio (i.e., at the time of hatching of young) and for primary sex ratio (i.e., sex ratio of eggs). We note, however, that there was a nonsignificant trend toward more females. These results thus show that the biased mating opportunities are not due to biased sex ratio at laying of the eggs; thus either the differential mortality of the sexes (see below) or their different breeding schedules produce the female-biased mating opportunities throughout the breeding season.
Second, we found a seasonal trend in brood sex ratio: there was a tendency for a greater proportion of males in early broods, whereas late ones were mostly females. This is the first demonstration of seasonal variation in sex ratio of precocial birds to our knowledge; previous studies of waterfowl did not The Wald statistic (v 2 ), and probability (p) of each variable (or factor) are provided. Probabilities were corrected using the sequential Bonferroni method (see Methods), and the significant relationships are indicated as *p c , .05. The analyses were repeated by including hatching date and chick tarsus as covariates in each model. The degrees of freedom are 1, unless otherwise stated. a df ¼ 2. b v 2 and probability of hatching date controlling for chick tarsus. c v 2 and probability of chick tarsus controlling for hatching date. The Wald statistic (v 2 ), and probability (p) of each variable (or factor) are provided. Probabilities were corrected using the sequential Bonferroni method (see Methods), and the significant relationships are given as *p c , .05, **p c , .01, ***p c , .001. The analyses were repeated by including hatching date and brood age as covariates in each model. The degrees of freedom is 1, unless otherwise stated. a df ¼ 2. b v 2 and probability of hatching date controlling for brood age. c v 2 and probability of brood age controlling for hatching date.
detect difference in hatchling sex ratios between early and late in the season (Blums and Mednis, 1996) . This seasonal pattern was consistent among 3 years of study, and it raises two questions. (1) What is the mechanism of the seasonal variation? One explanation may be that each female shifts facultatively the sex ratio of her offspring over the season. Such shifts may occur if offspring sex ratio is influenced by female condition and the condition of females decreases over the breeding season. For instance, female gulls and skuas in poor body condition overproduce the smaller sex (Kalmbach et al., 2001; Nager et al., 1999) . This explanation seems unlikely in the Kentish plover because the seasonal shift in brood sex ratio remained significant when chick size was statistically controlled for, and there were no relationships between sex ratio and female body size or mass. On the other hand, each female may have a characteristic brood sex ratio, and these females may breed at different times. For instance, a seasonal shift may emerge if old females produce mostly male offspring and these females breed early in the season. Age-dependent timing of breeding is well known in birds (Forslund and Part, 1995; Saether, 1990 ), although it is not known whether brood sex ratio varies according to the age of female. In our study brood sex ratio was unrelated to the minimum age of female (Tables 1 and 2 ).
(2) What are the gains from biasing the sex ratio over the season? Differential gains may arise if survival or breeding success of one sex (or both sexes) depends on hatching date. For instance, proportion of males increases with laying date in spotless starlings (Cordero et al., 2001 ), a pattern opposite to the one we found in the Kentish plover. Cordero et al. (2001) argued that the seasonal shift in sex ratio is driven by the selective advantage of early-hatched females because females hatched early had a higher chance of breeding in their first breeding season. We do not know yet whether breeding or survival of Kentish plover chicks depends on their hatching date, although we note that competition among males for breeding territories is severe, and males do attempt to breed in their first year. These observations suggest that the reproductive success of males may depend more on hatching date than the reproductive success of females. Alternatively, higher food availability early in the season may favor the faster growing male chicks (see below).
In this study we identified two ways in which a biased adult sex ratio may emerge from unbiased sex ratios at hatching. First, the mortality of female chicks was higher than the mortality of male chicks. Growth rates of males (0.414 6 0.017 mm/day) appear to be higher than the growth rates of females (0.378 6 0.021 mm/day), and thus perhaps female chicks are more vulnerable to predation or infanticide. Behavioral studies of individually marked chicks are needed to clarify this issue. Second, late broods tended to have more female chicks. Previously we showed that brood mortality increases over the breeding season , perhaps due to shrinking foraging habitats, so the slowgrowing female chicks may have relatively high survival chances at low food availabilities. Taken together, the high mortality of females, particularly in broods late in the season, may bias the sex ratio at fledglings of the chicks; thus fewer young females are recruited to the breeding population than young males. In conclusion, we found no evidence that the overall brood sex ratio is biased in the Kentish plover at the hatching of the chicks. However, we identified two routes to produce sexbiased mating opportunities: differential mortality of broods over the breeding season and differential mortality of sons and daughters shortly after hatching. Future studies will be invaluable to reveal whether these routes may fully explain the adult sex ratio in the population and evaluate the significance of population sex ratios for the evolution of mating and parental behaviors.
